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Introduction:

For our DOD award W81XWH-12-1-0529, we proposed to overcome autophagy as cell survival mechanism
when treated with small molecule kinase inhibitor saracatinib or the androgen receptor signaling inhibitor
enzalutamide in prostate cancer therapy. We started our study with saracatinib but had to switch to
enzalutamide due to the halted effort by the pharmaceutical companies for the Src kinase inhibitors
(AstraZeneca for saracatinib and BMS for dasatinib). Enzalutamide (Enza) is the new generation anti-androgen
that has been approved by FDA for the advanced prostate cancer treatment. We have identified that
enzalutamide elicits autophagy in castration resistant prostate cancer cell lines LNCaP C4-2B and LNCaP GRP
cells. This treatment-mediated autophagy is through activation

Gons s n atophagosome formaon of AMPK and repression of mTOR [1-5]. Knocking down
- AMPK with siRNA reversed the survival mechanism and led
i cells to undergo apoptosis. Survival mechanisms elicited by
! ‘ I ] : CRPC C4-2B cells when treated with Enza may be blocked by
i 4 N - " inhibiting autophagy with clomipramine (CMI) [6, 7] and
< metformin (Metf) [8-10]. Combination of Enza with saracatinib

‘ ‘ i and autophagy modulators significantly reduced cell proliferation
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in the LNCaP GRP CRPC model. Transcriptome deep

sequencing of parental and Enza resistant C4-2B cells was
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Figure 1. Transcriptome deep sequencing (left) of parental exposure to ARSI There were more than 140 genes up-

(WT) and enzalutamide resistant C4-2B (C4-2B+R) cells
was carried out to examine differential gene expression
pattern that may be related to their ability to survive under
constant high exposure to ARSI. The data were validated
with RT-gPCR (right).

regulated and more than 100 gene down-regulated, (3 FPKM =
1 transcript/cell). Figure 1 showed examples of up-regulated
genes involved in autophagosome formation as expected in the

ENZA resistant cells. Suppression of mTOR signaling is also a

major inducer of autophagy. We observed several mTOR signaling genes that were differentially down-
regulated in the resistant cells when compared to the parental cells (expression level are expressed in FPKM
with 3 FPKM = 1 transcript/cell).

in vivo studies using LNCaP C4-2B enza-resistant, GRP-Pro orthotopic and CWR22 xenograft models. With
the former two CRPC models, combination of Enza with autophagy modulators CMI or Metf; or with
saracatinib significantly reduced the tumor growth. The latter xenograft model showed that saracatinib alone
may inhibit recurrence of castration resistant tumor growth after surgically castrated the CWR22 tumor bearing
mice.

Keywords:
Castration resistant prostate cancer, autophagy, enzalutamide, CRPC animal models

Overall Project Summary:

Aim 1: To credential inhibition autophagy in conjunction
with inhibition of Src, arginine or androgen receptor-axis
pathways as a new therapeutic strategy

PC-3 days inhibition Pc-3 3 days inhibition

Major Task 1: Credential inhibition of Src and
arginine pathways as a new therapeutic strategy

none ca cml Metf Rapa 0 ADI  DoxceT CMI Metf Rapa

It was reported that when cells treated with the Src
inhibitor saracatinib, they would be growth inhibition
o mainly through growth arrest but not apoptosis due to
the autophagy survival pathway [5]. Apoptosis was
promoted when the autophagy inhibitor cloroquine

GRP Pro 3 days inhibition

Figure 2. Cell proliferation under various treatments. Addition of
0 AN DomcsT CMI Metf Recn O ADI DowceT CMI  Metf Rapa autophagy modulators promoted cell killing by saracatinib alone.




(CQ) was added. We then tested more autophagy modulators such as clomipramine (CMI), metformin (Metf)
and rapamycin (Rapa) on PC-3 cells. CQ did not show growth inhibition alone, whereas CMI, Metf and Rapa
did. When combined with saracatinib, CMI and Rapa showed additive inhibition (figure 2). With a still
broader experiment, PC-3, CWR22Rv1 and LNCaP GRP-Pro cells were treated with arginine deaminase
inhibitor (ADI),docetaxol, CMI, Metf or Rapa alone or in combinations with saracatinib (2 or 5 pM). Each
treatment alone displayed some inhibitory effect on cell proliferation and the degree varied from cell line to cell
line. When combined with saracatinib, further cell killing was observed. Because of the lower toxicity and side
effect of CMI (as an anti-depression drug) and Metf (as the diabetic drug) than CQ or Rapa, we decided to focus
on the former two autophagy modulators in our studies.

Major Task 2: LNCaP C42B-MDJV resistant cells, second CRPC model

We used LNCaP and CWR22Rv1 cells stably transfected with LC3-eGFP construct to investigate autophagy as

c Figure 3. A. Representative fluorescence microscopy of CWR-
22Rv1-eGFP-LC3 (upper panel) and LNCaP-eGFP-LC3 (lower
panel) cells treated with DMSO (vehicle control), 10 uM
o § Enzalutamide for 48 h viewed by fluorescence microscopy,
“}7 showing GFP-LC3 localization and puncta autophagosome
T formation represented by arrow. B. C4-2B and LNCaP cells
were treated with 5 uM Enzalutamide, and cell lysates were

CWR22-GFP-LC3

Cont 4 Enmn

Number of Events
!
|
|
|
|
i
i

LNCAP-GFP-LC3

Flusrescence Iotersly harvested and subjected to Western blotting analysis using
8 autophagy markers, LC3-1 and LC3-1l and ATG-5. PSA was
g _—— . used as internal control. B-actin was used as the loading control.
W finte 071 136 . C. Upon induction of autophagy, autophagosomes formed in
e e — L I eGFP-LC3 transfected cells may be gated and numbered to
7 g . report the degree of autophagy using flow cytometry.
Actin
PTR—— o the potential cell survival mechanism with anti-

Enzalutamide

androgen treatments. Both cell lines were treated with
10puM of Enzalutamide, a new generation of antiandrogen drug through MTA with Medivation. LC3-I in cells
is localized in the cytosol; but upon induction of autophagy, it is lapidated into LC3-1l and inserted into

autophagosome membrane and can readily be detected
A Cowol - cwi g G0 mC and visualized by the prominent change from diffuse

pAMPK

Figure 4 A. AMPK is activated with androgen receptor blockage.
LNCaP and C4-2B cell lines were treated with DMSO (vehicle
control), 5 uM CMI, 10 uM Enza, combination of CMI and
Enzalutamide, 10uM biclutamide (Bic), combination of Bic and
autophagy inhibitor CMI for 48 h. Cell lysates were harvested and
subjected to Western blotting analysis using autophagy markers,

Total
AMPK

Actin

LC3-1 and LC3-1lI and antibodies to phospho AMPK and total
8 +Androgen _-Androgen C4-2B (WT) €428 (+R) AMPK. B. Androgen deprivation and continuous androgen
PAMPK —— PAMPK — blockage by Enzalutamide induces autophagy and activates AMPK
Total Total phosphorylation.  Left panel showed representative Western
Anpy [ — ampy R L— analysis of C4-2B cells cultured under regular FBS (+Androgen)
31 — al— i | | and charcoal stripped FBS (-Androgen). Right panel showed
((3]] — L3l " similar analysis using Enzalutamide resistance cells (C4-2B +R)
' and their counterpart parental line (C4-2B -WT).
Actin T — Actin — —

cytoplasmic to bright, punctate fluorescence in the
cytosol as shown in Figure 3A. Additional evidence of Enzalutamide-induced autophagy in LNCaP and
CWR22rv1 cells came from Western blot analysis as demonstrated by the significant increase in the LC3-I to
LC3-1I conversion (LC3-1I/1 ratio increased from 0.71 to 1.36) and the increased expression of ATG 5, both
have been used as reliable marker of autophagy (Figure 3B) [11]. Flow cytometry was also used to measure
and quantify increase of autophagosome formation upon Enzalutamide treatment as shown in Figure 3C.



Because the AMPK activation has been implicated under androgen deprivation condition, we asked whether
antiandrogen may activate this pathway, thereby inducing autophagy.[1].

To determine the predominate mechanism involved in androgen receptor signaling inhibitor (ARSI) mediated
autophagy, we subjected C4-2B and LNCaP cells to both bicalutamide and Enzalutamide treatment and
analyzed for phosphorylated AMPK and AKT. As shown in Figure 4A, activation of AMPK significantly
increased in cells treated with ARSI, while the level of phosphorylated AKT is minimally affected (data not
shown). We next evaluated AMPK phosphorylation in cells that conferred resistant to ARSI; namely C4-2B
and C4-2B+R (C4-2B cells selected after prolonged enzalutamide exposure) cells. Under androgen deprivation
(Figure 4B left panel) or prolonged androgen receptor blockage with Enzalutamide (right panel), the induction
of autophagy was coupled with the activation AMPK, again suggesting that AMPK plays a crucial role in the
induction of autophagy.

To prove the principle that activation of the AMPK pathway is responsible to the induction of autophagy
mediated by ARSI, we used interference RNA to knock down the expression of AMPK in C4-2B cells and
subsequently treated them with Enzalutamide. Autophagy was not observed in cells with diminished level of
AMPK expression as evidenced by the lack of green fluorescence punctate, but can readily be detected and
visualized by the prominent, bright punctate fluorescence in the cytosol of cells transfected with the scrambled
control (Figure 5A). Previous studies demonstrated that the AMPK pathway directly interacts with

A B Figure 5 A. Knock down of AMPK in LNCAP-GFP
s G Enzalutamide cells blocks the induction of autophagy. LNCaP-eGFP-
siRNA=Scrml siRNA siRNA siRNA  siRNA H R H
Sl Gme e e LC3.ceIIs were trgnsfected with negative conj[rol SiIRNA
kiR e or siRNA targeting AMPK and treated with DMSO

g (vehicle control), 10 puM Enzalutamide for 48 h and were
A";KE - then analyzed by fluorescence microscopy. Shown are
Pt Bt pRaptor | j representative fluorescence microscopy of LNCaP-eGFP-

SiRNA-AMPK LC3 showing GFP-LC3 localization and puncta

PS6 m— — o —

autophagosome formation represented by arrow. B.
Total 56 amE—_——— | Antiandrogen induced autophagy is mediated through
activation of AMPK activation and inhibition of mTOR
PAKT e S— — a_—— signaling via Raptor. C4-2B cells were transfected with

= . . — negative control siRNA or siRNA targeting AMPK and
treated with DMSO (vehicle control), 10 upM
ATGS e — Enzalutamide for 72 h and cell lysates were analyzed by
LC3 p— immunoblotting with antibodies as indicated. Controls
Lo [ ” — were treated with vehicle alone. B-actin was detected as

o e i loading control. C. quantification of sub-G1 population
i - si -Scrm i - R S TERESY T ——— . .
oy in AMPK knock down cells 72 h after transfection.

CellDeath (sub G1)

TSC2/Raptor/mTOR  complex to inhibit
mTOR/S6K/4EBP signaling and the subsequent activation of autophagy [2, 12, 13].

Cells with knock down expression of AMPK were treated with vehicle and Enzalutamide, and then probed for
phosphorylated Raptor, specifically detecting the phosphorylation of S792. As shown in Figure 4B, in the
present of Enzalutamide and intact AMPK expression phosphorylated raptor level increased significantly,
resulting in the consequential down regulation of pS6 and increased LC3-I to LC3-1I conversion while pAKT
remained unaffected.

When AMPK was effectively knocked down, Enzalutamide treatment did not affect the phospho-Raptor or
phospho-S6 levels. These observations also correlated with reduced Atg-5 expression and reduced conversion
of LC3-1 to LC3-1l. Hence, our data suggest the interaction between AMPK activation and suppression of
MTOR via phosphorylation of Raptor at Serine 792 in the induction of ARSI mediated autophagy.



Figure 5C showed enhanced cell killing when AMPK was knocked down in the Enzalutamide resistant cells.
The data support the notion that once the upstream signals for autophagy induction were suppressed, the

Figure 6. Blockage of antiandrogen-induced autophagy
Enzalutamide + decreases cells’ ability to form colonies. C4-2B cells
Control Enzalutamide Clomipramine Clomipramine treated with DMSO (Vehide COﬂtrOl), SHM CML 1OHM
PRI s N Enza, combination of CMI and Enza, and used
P n o Y ' 4 SR clonogenic assay to evaluate cells ability to form
"7:,,;- '."T:»"_i e o { pelet _’ colonies. Left panels showed quantification of colonies
L R 1 x number and colonies size. Significant difference between
NG+ N A treatment groups were found using T-test (P< 0.05).
N S S S Values represent mean + SE.

Enzalutamide resistant cells become re-sensitized
to ARSI induced cell-death. To provide an
implication for therapeutic potential, we ask the
_ question whether blocking autophagy would
L l . - overcome Enzalutamide resistant in-vitro and in-
_ cmo  wv  on  wovas vivo. Clonogenic assays were used to evaluate

cell ability to form colonies in the present of an

autophagy inhibitor  Clomipramine (CMI).
Clomipramine is an FDA approved drug to treat depression and has been shown to be a potent inhibitor of
autophagy with little toxic affects both in-vitro and in-vivo [6, 7]. Colony formation in cells treated with
Enzalutamide or CMI alone was slightly reduced compared to control, but was markedly impaired in the
combined treatment. Their proliferative potential was also markedly reduced, based on the size of the colonies
as shown in Figure 6. We will address our hypothesis that targeting autophagy could overcome resistant to
Enzalutamide therapy in CRPC in an in-vivo Specific Aim 2: Application of inhibition of autophagy in combination
with prostate cancer therapy in various CRPC and specific CaP disease states model next.
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We further attempted to knock down two of the autophagy
central molecules Beclin 1 and Atg5 to examine the effect of
modulating autophagy in anti-androgen treatments. Real-time
gPCR was performed to validate the deep sequencing data and
found the trend agreeable. LNCaP LC3-GFP cells were
transiently transfected with control (NTC), siRNA against
beclinl (Bcnl) or Atg5 [14], followed by treatments with
DMSO, Enza, Metf or in combination. Cells became sensitized
to Enza and even more to Enza+metf after the autophagy genes ol Shrees AR i ™

were knocked down (Figure 7). Less punctae formation was
detected in the siBcn or siAtg5 cells when treated with Enza. ' e

Metformin treatment on top of Enza further caused the tFiguzce t7-d L!\tl;?ap tL(?g(-l\Cl;'I":g) C?IFS\I Awere_trftinbsie?tlif

ransrtectea witn contro , SI against beclin

mprphology' C_han_ges' cells .W?I’.e rounde(_j_ up under  the (Bcn) or Atgs, followed by treatments with DMSO,

microscope indicating loss of viability. In additionally, they were | Enza, Metf, Abi or in combination. Autophagy

treatments with abiraterone (Abi) or in combination with, Enza, ;fpresented by punctae OII I;SS IYAV_arsT ob.sebr}{.etd under

. .- . uorescence microscopy (left). viability assay

Metf and both._ A_galn, cells became sensitized to Abi and even performed on the same setting showed the enhanced
more to combinations after the autophagy genes were knocked | cell death after knocking out of Bent.

down. MTT assay was performed in C4-2B Enza-resistant cells

with siRNA against beclin 1 followed by treatments with Abi, Enza, Metf or Abi+Enza. Anti-androgens alone
did not inhibit growth in cells transfected with non-target control sSiRNA. However, cells with beclinl knocked
out became more susceptible to those drugs. Combination of Abi and Enza showed more potent effect even in
the presence of autophagy pathway and so did metformin treatment. We are currently looking at the
mechanisms behind.



Aim 2: Application of inhibition of autophagy in combination with prostate cancer therapy in various CRPC and specific

CaP disease states

Testing the combination of enzalutamide and CMI (or metformin) on LNCaP C42B MDVR orthotopic mouse

model
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‘ To address our hypothesis that targeting autophagy could
overcome resistant to ENZA therapy in CRPC in an in-

implanted ENZA resistant cells into the prostate. PSA
level was monitored until detectable around day 10,

I “““““ vivo model, we used SCID mice and orthotopically

e v Indicating tumor implantation. Treatments with control

vehicles, CMI, ENZA and combination were dosed daily.
) BP | @ ePe y

At the end of six weeks from surgery, tumors were

‘ ' . sl .‘ ® o harvested and weighed. Mice treated with ENZA or CMI

alone showed a 28% and 23% decrease in tumor size
when compared control mice, respectively. There were a

significant reduction in tumor size by 91% in mice treated

with ENZA in combination with the autophagy

Figure 8. Two sets of orthotopic mouse studies were conducted with
enzalutamide resistant C4-2B cells implanted into prostates of SCID mice.
Drug treatments include enzalutamide, CMI, Metf or in combination. The
graphs the average weight of tumors in each group, and two representative
images of the tumors.  Enzalutamide, clomipramine and metformin
monotherapies did not inhibit the orthotopic tumor growth significantly.
However, combination of Enza+CMI and Enza+Metf treatments significantly
reduced tumor weights when compared to the control group.

inhibitor, CMI when compared to control mice, as
shown in Figure 8 (p<0.001). Because the
elevated interest of metformin also as an
autophagy modulator and its low toxicity and
applicability, we conducted another in vivo study

replacing CMI with metformin. Mice treated with

ENZA or metformin produced marginally reduced tumor sizes than the control mice, while those treated with
the combination of ENZA and metformin gave a drastic 78% reduction with a significant difference (p<0.01 by

H&E Ki67 AR

Enza+CMI

Figure 9. Tumors collected from different treatment
groups, ctl, Enza, CMI and Enza+CMI were parafilm
embeded and  sectioned for H&E and
immunohistochemical staining with antibodies against
Ki67 or AR. The same analysis was done for the
metformin group and got comparable results.

Student’s T test). Addition of metformin in the treatment also
effectively blocked the autophagy survival mechanism tumor cells
used when treated by anti-androgen enzalutamide. Tumors collected
from different treatment groups, ctl, Enza, CMI and Enza+CMI
were parafilm embedded and sectioned for H&E and
immunohistochemical staining with antibodies against Ki67 or AR
(Figure 9). H&E staining showed characteristics of prostate tumors;
Ki67 demonstrated viability of cancer cells in tumors and AR
nuclear localization or not reflected the drug effect of ARSI
enzalutamide. The same analysis was performed for the metformin
group (data not shown) and comparable results were observed. We
took representative samples from this study and extracted total RNA
for further analysis. It was observed that the genes involved in
autophagosome formation were up-regulated while those in m-TOR
signaling suppressed in the C4-2B enzalutamide resistant cells.
Therefore, we performed real time PCR quantitation on those genes
from tumor samples of the control and Enza (MDV) treated groups.
Indeed, an up-regulation of the autophagy promoting genes and
down-regulation of those in the mTOR pathway were observed

(Figure 10, top panel). The levels of some AR downstream molecules and intracrine androgen synthetic
enzymes were also examined (Figure 10, lower panel). Both PSA and TMPRSS2 levels decreased drastically
with either enzalutamide or metformin alone. Two important enzymes in the backdoor androgen synthetic
pathway, AKR1C3 and CYP17A1 were also greatly affected by all treatments.



A scheme (Figure 11) summaries the interaction between AMPK mediated autophagy and mTOR signaling

pathway. Metabolic stress including genotoxic stress, hypoxia, metformin treatment, Androgen deprivation
ARSI treatment such as enzalutamide will activate
AMPK and suppress mTOR that leads to autophagy.

Gene expression between control and MDVR cells
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C4-2BR xenograft tumors . .
Figure 10. Total RNAs extracted from representative tumors from control,

- Enza (MDV), Metf and Enza+Metf groups were subjected to RT-gPCR for

2 Metf the genes indicated. Genes involved in autophagy pathways were compared
2 Enzasilett between control and Enza (MDV) groups in the top pannel. Up-regulation
of genes promoting autophagy was apparent. Genes regulated by AR

signaling and those involved in androgen biosynthesis were shown in the

lower panel. Most of the expression went down with just a single treatment

and the combination ensured the low expression for all genes.
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Regulation of autophagy induction
sanaton Metformin By aanTRR L AR comphex Nutrients Major Task 3: Inhibtion of autophagy in a neuropeptide/Src
e ® mediated CRPC model

Anti Androgen Enzalutamide

Androgen deprivation - Ampki " \/
5 ‘-lzy l LNCaP GRP Pro cells had been characterized as CRPC cells.
C @ -s o Growth of GRP Pro cells in androgen deprived environments
— T was propelled by GRP mediated signaling pathway via Src
) — &R kinase to activate androgen receptor (AR) in the absence of
@) e %® ﬂ A its cognate ligand [15]. Saracatinb was able to inhibit GRP
J T Pro cell growth in vitro but not as significant in vivo. In
PP B — addition to the ability of GRP Pro cells to synthesize
%ﬁ = @ intracrine androgen through up-regulating some crucial

Figure 11. AMPK and mTOR pathways in response to the | PioSynthestic enzymes such as AKRIC3 and CYPI1A,

ARSI and other androgen deprivation treatment. Most of the
molecules summarized here were flagged for up and down A ) GAP Procellinhibition

regulation in our deep sequencing analysis anone
autophagy was considered the other contributing factor. o o
We tested the two autophagy modulators CMI and Metf in 8

combination with saracatinb on GRP Pro growth. “I .

Enzalutamide was also wused with same dose of
bicalutamide as a reference (Figure 12). Inhibiting Src @ZAL IO M 45 A
kinase in GRP Pro cells rendered the CRPC cells more & .
susceptible to anti-androgens such as bicalutamide and
enzalutamide. Combining CMI and Metf with saracatinib

also enhanced the cell killing. Metf also displayed some
additive effect in inhibiting cell proliferation when ) I
‘s“°

GRP Pro cell counts

nt (x2000 cells)

combined with enzalutamide.

o
\'»

Using all three inhibitors, saracatinib, enzalutamide and ¢ “f

metformin reduced cell growth to the lowest. The trends | Figure 12. Cell proliferation inhibition by enzalutamide,
were observed in two independent set of experiments using | bicalutamide, CMI, Metf alone or in combination with
either MTT assay or trypan blue cell counts. saracatinib, assayed by MTT or trypan blue cell counts.




Since enzalutamide is known to block AR nuclear translocation, we extrated cells treated with various reagents

into nuclear and cytosolic fractions and separated them by SDS-PAGE, probed with different antibodies (Figure

13). When grown in regular media, GRP Pro cells were sensitive to enzalutamide, showing reduction of AR
protein in the nuclear fraction.

regular cs
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Saracatinib showed no effect in this condition
since AR was readily activated by its ligand.
Metformin alone only decreased
translocation marginally. Yet, combination of
enzalutamide and metformin almost totally

the AR

Figure 13. Western blotting analysis of LNCaP GRP-
Pro cells grown in regular (left) or CS (right) media,
treated with different single or combined inhibitors.
AR distribution in the nuclear and cytosolic factions
Autophagy status was suggested by
transition of LC-3-1 to LC-3-1 and activation of

mddu PAKL Wl e il e et et
oalbl i RN 1 | PpAMPKa .. -".
= 0 o9 ve O W EPINEP total pAVPKa was examined.
wBBeTeW ¥ Bt gy — = AMPKa and S6.
U oapeeed [ .cin - = - o e wwew ARIG  blocked AR into nuclei.

However, when in CS

media, AR nuclear fraction was not affected by
enzalutamide; whereas saracatinib reduced the nuclear translocation greatly which was in agreement with our
previous observation [15]. Metformin treatment in CS conditions diminished nuclear AR almost to completion
and also reduced cytosolic AR. The activation status of Akt decreased slightly in the regular serum condition
but remained mostly unchanged except for enza+metf and enzatsaratmetf. Activation of AMPKa and

ribosomal S6 or transition from LC-3 | to Il indicated autophagy.

For LNCaP GRP-Pro cell model, we have defined the rationale behind
androgen-free cell proliferation was via neuropeptide GRP-mediate AR
activation [15]. Src kinase was activated upon binding of GRP to its
receptor on the cell surface. The phosphorylated Src simultaneously
recruits and activates Etk and Fak and the three form Src-Etk-Fak
complex to activate AR in the absence of ligand androgen. On the other
hand, GRP-Pro cells demonstrated up-regulation of essential
steroidogenic enzymes such as AKR1C3, HSD3B2, CYP17A1 and etc.
Intratumor testosterone levels were detectable in GRP tumors developed
in castrated mice [16]. With these known facts and in vitro study results,
we hypothesized that the growth of CRPC GRP-Pro tumors in castrated
animals would be inhibited when treated with both saracatinib and
Enzalutamide. For the orthotopic tumor model, 32 male SCID mice were
castrated and orthotopically injection with 2 x 10° LNCaP-Pro cells co-
suspended in 30% matrigel (BD). Animals were randomly divided into 4
groups 2 weeks after surgery and subjected to daily dosing of buffer,
saracatinib (25 mg/kg), Enzalutamide (10 mg/kg) or the combination for 5

weeks.

Serum PSA ng/ml
saracatinil b Enzalutami de
control 25mgfkg  10mg/kg
0. 4a.04 23069 28.28
200.15 214,45 26457 50.25
100.01 172.08 246.26 13.53
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30.68 12319 76.78 10.66
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Figure 14. Serum samples were collected
from castrated SCID mice orthotopically
injected with LNCAP GRP-PRO cells.
PSA levels were measured by a PSA
ELISA kit (United Biotech).  Serum
samples from an intact mouse with LNCaP
tumor and a castrated animal were used as
the positive and negative references.

ettty T Figure 15. LNCaP GRP-Pro orthotopic
sie 3 tumors were harvested from castrated SCID
'”. & . ' mice. Tumor weight were measured and
- ) [} tallied, and the mean values of each group

"""""" - were graphed with standard errors.

Serum PSA was measured to ensure tumor take (Figure 14).
GRP-Pro cells produced tumors in castrated male SCID mice in nearly
all three treatment groups, control, sara and ENZA, with the combination
treatment group, sara+ENZA only 5/8 tumor take rate. The mean tumor
weight in the combination group was 37% of that from the control group

(Figure  15). The two
monotherapy groups showed no
inhibition and even increased
tumor weight in average. The
PSA serum levels in the first three



groups were similar to that from an intact animal bearing prostate control Enzs s
cancer tumors; whereas the combination group measured only 16% & -
of the control. The immunohistochemical staining of '
representative samples clearly showed inhibition of pSrc by sara
and inhibition of AR nuclear translocation in sara treated groups
(Figure 16).

Because of the specific driving force for the LNCaP GRP-Pro
model, aberrant AR activation through neuropeptide (GRP)

mediated signaling through the tyrosine kinases Src-Etk-Fak

complex [15], the combination of saracatinib and enzalutamide | Figure 16. Tumor samples from each treatment groups
were section and immunostained with anti-AR and anti-

was very effective in inhibiting tumor grovvth. Since aumphagy pSrc, respectively. Representative views are shown here.

mechanism is the focus of this funded project, we continued to
test whether combination of autophagy modulator metformin with enzalutamide will also benefit the tumor
treatment.

Male SCID mice were castrated and orthotopically
implanted with two millions of GRP-Pro cells. Serum
PSA levels were measured 12 days later to confirm tumor

Enza

Metformin take. Animals were randomly divided into 4 groups and

treated with enzalutamide (25 mg/kg, p.o. daily),

4 SR metformin (300 mg/kg, p.o. daily), combination or buffer

I tumor weight only. After 30 days of treatments, animals were sacrificed.

Blood and tumor were collected for analysis. The result
(Figure 17) was consistent with previous findings that
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Figure 17. LNCaP GRP-Pro orthotopic tumors were harvested :
from castrated SCID mice. Serum PSA levels and tumor weight Enza
were measured and tallied, and the mean values of each group

were graphed with standard errors. i
enzalutamide alone did not inhibit tumor growth. Serum PSA it -- T

and tumor weight from the Enza group scored the highest among
all. Metformin alone was powerful enough to bring down the Enwm-

serum PSA level and tumor weight by almost half. However,
addition of enzalutamide with metformin did not completely
abolish tumor growth. The benefit was minimal as the decrease in [ i e 18 Tumor samples from each treatment
tumor weight from the combination group was only by 25% when | groups were section and immunostained with
compared to metformin alone. Decrease from neither group scored | antibodies against AR and Ki67, respectively.
a p value for significant difference. This is probably due to the | Representative views are shown here.

specific neuropeptide-mediated AR activation of the GRP-Pro line. Enzalutamide is never the ideal treatment
drug. Although metformin may cause AR degradation, especially over the long-term treatment, AR activation
via Src-Etk-Fak signaling is always present from GRP binding to its G protein-coupled receptor. The result of
this model serves as an example for the need of precision medicine. If tyrosine kinase activation/up-regulation
is the main force for the disease, a specific inhibitor to block that signaling pathway is required. The
immunohistochemical staining of representative tumors from each group (Figure 18) showed that Ki67
decreased drastically in the Metf treatment, and so did in the Enza+Metf group. The AR staining was still
prevalent in the Enza group but reduced profoundly in the Enza+Metf group.




Major Task 4: Establish efficacy for combined inhibition of autophagy and tumor-specific pathwyas in specific

CaP disease states

CWR22 xenograft model [17, 18] was used to mimic tumor recurrence after androgen deprivation therapy in

CWR22 xenograft treatment and sampling flow chart

CWR22 xenografts injected into nude mice primed
with testosterone

mice castrated after adequate
tumor development (day 0)

Mice sacrificed at day 0 (d0)
Tumor, sera collected

/

T~

T

Control arm: No treatment

(25 mg/kg) administered

from Day 7 to 150

patients. Athymic Nu/Nu male mice were implanted with CWR22
xenograft subcutaneously and allow for tumor progression. After tumor
volume reached 100-150 mm?, mice were surgically castrated and divided
into groups, subjected to no treatment, treatments with saracatinib (25
mg/kg) or combined with chloroquine (50 mg/kg) from 7 days after
surgery until 150 post-operation. CRPC recurrence was significantly
inhibited with the administration of saracatinib. Mean of tumor

™~ ~ recurrence (in tumor weight) for saracatinib, 0.18 grams and for control,

Mice sacrificed at day 30 (d30)

Tumer, sera collected

and 180 (¢150C1 and 4150AZD) 3.20 grams (p=0.015). Mean of serum PSA in the saracatinib-treatment
group, 1.6 ng/ml and control, 14.7 ng/ml (P=0.08). The combination of

T g T SR saracatinib and chloroquine treatment did not show significant tumor

“ ® « . » Suppression after recurrence.

Therefore, only the control verse saracatinib

treatment groups will be discussed here. We will repeat this experimental set-up

Figure 19. CWR22 xenograft treatment and T |
sampling flow chart, with representing tumor umor samples were
samples from control and sara groups as the end | collected at days O,

of experiment. 30 and 150 (as

summarized in the
flow chart, Figure 19), total RNA was extracted for cDNA
microarray analysis using Affymetrix Human Genome U133
Plus 2.0 chips. Heat maps (Figure 20) were generated and

but use metformin instead as a more reliable autophagy modulator.

pathway analysis of gene differentially expressed in 150d —
control and saracatinib tumor samples was performed based on = ! -
the gene profile. To give a couple of examples, the first —
heatmap showed averaged Cx-150d+AZD samples compared ; —
to averaged Cx-150Ctl ones: 2,582 genes differentially | = =
expressed 1,436 genes up-regulated 1,146 genes down- |
regulated. The saracatinib-response signature was determined ! =
Table 1: Rank of changes in RNA expressions in CWR22 tumors from time points d30, - :E_
d150Ct and.d15l]AZD with mean fold-change values represent the comparisons against d0 e —
post-castration. =_i_ ———
S - R —— e
oty e = e = ey e
;Z{L 1;0:0;6 “:E“ EE‘E :E EEE “‘:”:"‘ Figure 20. Two representative heatmaps generated
e i e e = £t e from the gene profile for 150d control verses
e o o 12 - b " saracatinib (left) and sarac_atinib treated CWR22
G o -, o o xenograft verses A549 cells (right)
s e p 2 e ,_, p by defining the common set of genes that were
RACGAP ass = 18 = 346 = differentially-regulated by saracatinib in 2 different
e o i - studies: CWR22 and A549. This signature of 520
- b pos o doom o doem probe sets was then used to perform unsupervised
b e som - ‘o 20 aowe hierarchical clustering. The results suggest that a

CEBPE

3.97

122

up

116 down

prominent component of the set of genes that were

androgen-responsive and re-instated in the Cx-150d tumors were co-regulated by Src signaling shown in the
second heatmap. The pathway analysis also showed that AR, CXCR4, MMP1 and a whole array of cell cycle
genes such as CDC2, CDC20, CHEK1, RAD51 etc. may be the nodes in connecting pathways among molecules



Table 3: Changes in RNA exp ions of pathway genes in CWR22 tumors from time points
d0, d30, d150Ct and d150AZD. Mean fold-change values represent the comparisons against
d0 post-castration.

Table 2: Changes in RNA expressions of steroid biosynthesis/AR-regulated genes in CWR22
tumors from time peints d0, d30, d150Ctl and d150AZD. Mean fold-change values represent

the comy gainst d0 post

mMyc 1.08 down 118 up 120 down
FASN 278 down 1.05 down 243 down
CYP11A1 101 down 102 up 112 up SRC 135 down 108 up 144 down
cvP17al 1.03 down 113 up 111 up BMX 1.02 up 165 down 1.88 down
HsDaB2 108 up 1.02 down 108 down PTH2 177 down 1.14 up 136 down
HsD1782 104 down 108 up 106 up
HSD1783 156 up 110 wp 156 up CTHNEL 166 up 0 up 145 up
HSD1784 147 down 1.06 down 133 down JAKL 225 up 121 up 226 up
HSD17810 147 dawn 116 up 142 down Az ™ w L18 up 156 w
JaLEL i3 L) L L 1 - STAT3 1.10 u 1.10 down 110 u
ANR1C2 191 up 111 up 107 up . " g - .
AKR1CZ 108 up 112 down 145 down NFKE1 Lo4 down 118 up 114 up
RDHS 111 down 116 up 117 down NFKBZ 127 w 114 up 115 w
SRO5A1 1141 down 1.19 down 122 down

AKTL 128 down 110 up 1.07 down
SRD5AZ 111 up 104 up 110 up
SRDS5A3 2.45 down 1.40 down 251 down AKTZ 103 down 116 up 1.08 down
UGT2B15 1879 up 221 up 1298 up AKT3 1.00 down 121 up 1.04 down
iendd 2350 P 151 = 1767 /d FRAP1 214 down 105 down 232 down
AMACR ///
C1QTNF3 1.44 down 130 down 1.26 down AURKA 9.73 down 1.03 down 5.35 down
CYBSA 122 dawn 136 up 122 dawn AURKB 6.36 down 113 up 4.95 down
AR 241 up 221 up 189 up
EGRL 122 down 1.00 up 189 down d 1 1 S
T e pr ] prssen ey e responding to castration, recurrence or Ic
TMPRSSZ i dewn 128 dewn 104 down

kinase inhibition. From the microarray data,
three groups of genes were tabulated and compared their response in the course of castration and treatments.
The line-up of genes with the most change, either up or down-regulated was shown in the first table (Table 1).
Steroid biosynthetic enzymes and AR regulated genes were grouped together (Table 2) and the third table
showed genes involved in kinase activation. RT gPCR analysis was performed for selected genes of interest to
validate the microarray data (data not shown).

We attempted to use the CWR22 xenograft model with combinational treatments of enzalutamide and
abiraterone and autophagy modulator metformin last year.

CWR22 xenograft

After almost 8 months of effort, we had to terminate the 10/27/14 implantation
experiment because of lack of tumor relapse (Figure 21). Out SIS e started
of 42 mice, only 3 showed recurrence of tumor growth. We CWR22 tumor progression after castration

180

then tested different batches of CWR22 frozen xenograft on
hand for a more aggressive inoculant for the subsequent
experiment to conclude this funded study. With the more

160

=g=control

z
E g2 4-Enza
aggressive xenograft aliquots, we did not have to use 3 Mt
testosterone pellet to initiate tumor take, which saved some § =& K -
- - &0 “S-Enza+iviel
supply expense to allow this repeated animal study. " o Abletnza
. 20
We started with ]
48 male ' ’ N Days fr::n tleatm:‘r:ts N N
serum PSA change in response to serum PSA of mice with tumors, At_hymoc_ nll'lde d
50 castration [2015) 2 days after castration
- e m.lce’ Imp af‘te Figure 21. Tumor measurement of CWR22 xenograft mouse
7 g with homogenized | sy after castration. Day 0 was the beginning of treatments,
. gm CWR22 tumor | 35 days after castration when serum PSA levels receded to
g s : . suspension undetected. _Tumor sizes eventually dwindled to nothing in
§ = F almost all mice regardless of treatments.
“ _ “ subcutaneously.
“ I ) Less than 4 weeks
. . . later, most animals had developed reasonable size of tumors and

were castrated surgically. Serum samples were harvested 2 days
after castration and subjected to PSA ELISA assay. It was to our

Figure 22. Serum PSA levels were measurement by Psa | SUrPrise that the serum PSA levels were very low, barely
ELISA assay. Two sets of data, one from a previous | detectable (Figure 22). Normally, PSA levels in castrated
experiment (left) and the other, current (right) indicate that | mice started to decrease after castration but not at an abrupt
abnormally low levels of PSA were in these tumor-bearing rate. A good amount of PSA was still measurable from

tumor-bearing mice 3 to 10 days after castration. According to our data, the magnitude of PSA in these mice 2
days post castration was only comparable to those 17 days post-op from a previous experiment. After some
consideration, we decided to continue with the experiment with treatments: Abi (200 mg/kg/d, p.0.), metformin
(300 mg/kg/d, p.o.) , the combination, or buffer alone. The humane end-point guideline was observed so
animals were sacrificed when one dimension of the tumor was 20 mm. The tumor progression curves were



CWR22? xenograft
4/29/16 implantation
5/23/16 castration

plotted in Figure 23. The sharp decline of averaged tumor o/2/16 trentmenta started

sizes was indication of early sacrifice of animals reaching CWR22? tumor growth curves
the end-point. Overall, there was no statistical effect of drug o
treatments to tumor progression. 1600 Started

treatments

~#-control
- Abi

Matf
== Abl+Metf

We harvested the tumors and performed Western blot
analysis using specific antibodies to AR, PARP, ULK-1,
AR-V7, cycline D1, p-S6, PSA and B-actin (Figure 24). All
tumors appeared to contain very strong AR variants even
when mice were intact. A majority of these variants were
identified to be AR-V7, which should not be present in

castration

tumor volume (mm3)
o

o 10 20 30 40 50 60

days fromimplantation

CV\_/RZZ Xer}ograﬁs grown in intact mice. The re_zlapse Figure 23. Tumor measurement of CWR22 (?) xenograft mouse
variant of this xenograft, CWR22Rv1, has the reputation of | study after castration. Day 0 was the tumor implantation,

Containing high levels AR variants especially AR-V7. It animals were castrated 25 days after and treated 35 days from
' the beginning. All tumor sizes continued to increase regardless

was very likely that the inoculum contained RV1 | ot gifferent treatments.

contamination. With C-terminal truncated AR present, the
tumor would not be limited to activation by androgen. CWR22Rv1 tumors were known for expressing low
levels of PSA. After castration, the intensity of full length AR decreased as expected. The levels of AR-V7
remained high in control and Abi groups but disappeared mostly in metformin treatment groups. This
observation was in agreement with our previous finding that metformin caused AR/AR variants ubiquitination

degradation. ULK-1 level reduced when mice were treated with

Castrated with treatments metformin also suggesting that metformin was modulating, or

intact  control  Abi Meti  Abi+Metf inhibiting autophagy in this case. Some residual PSA was
- ‘ - detected, indicating the tumor inoculum was not completely
CWR22Rv1.

AR-Vs
PARP

- Key Research Accomplishments:
| LKA 1. Validated the additive effect of autophagy modulators on
_— inhibition of cell proliferation to the kinase inhibitor and/or anti-

¥ androgen treatments.

::: 2. Depicted the mechanism of anti-androgen mediated
autophagy via the AMPK/mTOR signaling pathway in CRPC

praotin C4-2B cells, supported by in vivo studies and in depth analysis.
3. Demonstrated the effects of autophagy modulators on the

Figure 24. Western blotting analysis of tumor samples | CRPC LNCaP-GRP model both in cell proliferation and the
harvested at the end of experiment. Abnormally high | autophagy and AR signaling axes. Combinatioin treatments of
amount of AR variants, especially AR-V7 suggested the | anti_androgne and kinase inhibitor and enzalutamide with

tumor inoculum might have been contaminated with the . i .
relapse variant, CWSZZR\,L metformin on the CRPC LNCaP-GRP in vivo model, target therapy

may mechanistically block both neuropeptide and incracrine
androgen mediated AR signaling axes. Results showed some effect of metformin in abrogating tumor growth.
However, since enzalutamide could not strategically inhibit the CRPC growth of GPR-Pro cells mediated by
neuropeptide-driven AR activation, coupling use of enzalutamide and metformin did not provide any
treatment benefit for this particular case.

4. An in vivo study on molecules behind castration resistance using the CWR22 xenograft model.

5. Confirmed AR degradation caused by the metformin treatment in both C4-2B and GRP-Pro cells. The extent
of degradation aggravated when metformin was combined with enzalutamide or abiraterone. This
degradation was possibly mediated by E3 ligase Skp2. Detailed results were shown in the third year report.

Conclusion:

Survival mechanisms elicited by CRPC C4-2B cells when treated with Enza may be blocked by inhibiting
autophagy with clomipramine and metformin. Combination of Enza with saracatinib and autophagy modulators



significantly reduced cell proliferation in the LNCaP GRP CRPC model. Further in vivo studies provided
evidences to make autophagy targeting as a supplement to cancer therapeutic regimes. our studies to in vivo
animal experiments. Three animal models, LNCaP C4-2B MDV-R, LNCaP GRP Pro cells and CWR22
xenograft were used. In LNCaP C4-2B MDV-R study, we validated that using autophagy modulators such as
clomipramine and metformin, tumor survival mechanism encountering enzalutamide treatment may be blocked.
A much significant reduction of tumor growth (91% and 78% for combinational use of CMI and metf with
enzalutamide, respectively) was observed. In the LNCaP GRP model, combinational treatment of enzalutamide
and saracatinib provided the best tumor suppression. Both specific mechanisms GRP cells utilizes for aberrant
AR activation, intracrine androgen synthesis and kinase pathway mediated AR activation in the absence of
androgen, were prevented through combined target therapy. As for the Enza+Metf combination treatment, anti-
androgen enzalutamide alone is not the most effective therapy for this neuropeptide-mediated aberrant AR
activation model. No tumor growth or PSA production was inhibited. On the other hand, metformin alone is
able to sequester almost 50% of tumor growth. Combination did not add on much more effect. Lastly,
castration resistant gene activation and tumor recurrence was inhibited by saracatinib treatment in the CWR22
xenograft model. We elected to use the CWR22 xenograft model to elucidate the role of autophagy in anti-
androgen treatment of CRPC, with combinational use of autophagy modulator such as metformin. In the first
attempt, a well-planned and exhausting effort of drug dosing was abated due to the failure of tumor recurrence
after castration. Unfortunately, in the second try, there was contamination in our frozen xenograft deposit and
we ended up using the likely CWR22Rv1 instead. With the full-grown Rv1 tumors, abiraterone or metformin
combination treatment was not effective to control tumor growth even after castration. We have exhausted the
fund and could not repeat the study any further. However, we were encouraged by the metformin effect on
autophagy inhibition and AR/variant degradation and hopefully the combined enzalutamide and metformin
clinical trial ongoing in our institute will have successful impact on CRPC patient treatments.
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